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Introduction

In hemodynamically unstable patients, early and aggressive
fluid management is lifesaving.1–3 However, after hemody-
namic stability has been achieved, many adult and pediatric
investigations have showna significant relationship between
positive fluid balance and mortality in critically ill
patients.4–14 Most authors exploring the effects of fluid
overload in children in the intensive care unit (ICU) report
a worsening of morbidity and mortality when fluid overload
exceeds 10 to 20% prior to the initiation of continuous renal
replacement therapy (RRT).5–9

There are numerous factors, including an increased risk for
acute kidney injury (AKI), impaired water diuresis, and high
volumes of fluid input that put pediatric ICU patients at a
particularly high risk for fluid overload.15–17 Intravenous (IV)
fluids frequentlymakeupa largeproportionofan ICUpatient’s
daily fluid intake.18 The method most commonly cited for
calculating maintenance IV fluid rates in children is extra-
polated from the method proposed by Holliday and Segar in
the 1950s for calculating the caloric needs in the average
hospitalizedpatient.19By relating caloric expenditure towater
loss, and thereforefluid needs, the 100/50/20 or 4/2/1 formula
is routinely used today. These formulas are not based on the

estimated energy requirements of children in the ICU and can
significantly overestimate the fluid needs of critically ill chil-
dren. Importantly, more recent literature suggests that in an
effort to prevent hyponatremia, the volume of IVmaintenance
fluids obtained with the standard formula proposed by Holli-
day and Segar should be reduced.20,21

Prior studies have investigated the role of continuous RRT
in the prevention and treatment of fluid overload.5–10,22,23

However, little attention has been given to the contribution
of fluid intake in the form of medication administration in
the development of fluid overload. Daily scrutiny of fluid
volume related to medication intake as well as use of
maximally concentrated parenteral medications may serve
as to lessen the burden of fluid overload. Therefore, we
sought to explore the association of fluid intake from med-
ication administration with fluid overload in a cohort of
mechanically ventilated children after the completion of
acute resuscitation efforts.

Materials and Methods

Study Design
We prospectively obtained fluid intake and output data on
all intubated and mechanically ventilated patients during a
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Abstract In this prospective observational study, we explored the association of daily fluid intake
from medication use with fluid overload in 75 children beginning 24 hours after
intubation. Themean percent daily fluid intake frommedications was 29% in the overall
cohort. Excess intake and inadequate output contributed significantly to fluid overload.
In the 28 patients who became �10% fluid overloaded, the mean percent daily fluid
intake from medications was 34%, but just 23% in the patients who did not. Awareness
of volume contribution and maximized concentration of parenteral medications when
able may lessen the burden of fluid overload.
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30-day period (September 16, 2016, through October 15,
2016) in the ICU at the Children’s Hospital of Pittsburgh of
the University of Pittsburgh Medical Center. In this observa-
tional study, all decisions regarding fluid intake were made
independently by the clinicians caring for the patients with
no involvement of the study team. Patients with a known
history of kidney or heart disease were excluded from the
analysis. Data collection began 24 hours after intubation,
presumably after the acute resuscitation period had con-
cluded, and continued until the time of extubation or until
the end of the 30-day period of observation, whichever
occurred first. Patients were divided into five age categories:
1 month to 2 years, 3 to 6 years, 7 to 10 years, 11 to 14 years,
and 15 to 18 years. AKI was defined based on the Kidney
Disease Improving Global Outcomes Criteria (KDIGO) using
serumcreatinine.24Baseline serum creatininewas defined as
themost recent serum creatinine in the past 3months before
hospitalization (if available), including the day of hospital
admission.25 Patients were deemed to have AKI if they met
KDIGO stage 1 or higher. The University of Pittsburgh Quality
Improvement Review Committee approved the collection
and publication of data for the study.

Statistical Analysis
Data regarding mean total fluid intake, mean total fluid
output, mean total fluid intake exclusively from medication
administration, and diuretic usewere recorded daily for each
patient. Fluid overload was quantified by percentage of fluid
overload obtained by the following equation: [(total fluid
input at the time of extubation or study conclusion – total
fluid output at the time of extubation or study conclusion)/
admission weight (kg)] � 100.5 Fluid overload was also
calculated using a weight-based formula: [(weight at the
time of extubation or study conclusion (kg) –weight 24 hours
after intubation (kg))/admissionweight (kg) � 100]. Patients
were divided based on a fluid overload <10% or �10%. Since
polyuria is typically considered to be present when urine
output is greater than 2,000 mL/body surface area/day in
children, this was used to define polyuria.26 The daily thresh-
old for polyuria was calculated for each patient based on
their body surface area.27 The chi-square test of indepen-
dence was used to compare the differences in proportions.
Mann–Whitney U-tests were completed by age category to
compare thosewhowerefluid overloaded to thosewhowere
not based on mean daily fluid intake, mean daily fluid
output, and mean daily fluid intake from medications.
Differences were considered significant if p < 0.05.

Results

A total of 75 patients were included in the analysis. The
median age was 8 years with a median serum creatinine of
0.40 mg/dL (►Table 1). The median body mass index (BMI)
and BMI percentile were 18.8 kg/m2 and 85.0, respectively.
Seizures and pneumonia were the two most common rea-
sons for admission. Patients were followed up for a mean
number of 6.9 days. Fluid overload�10% occurred in 28 (37%)
of the patients observed using the fluid overload percent

equation to calculate fluid overload and in 24 (32%) of the
patients using the weight-based formula. In the overall
patient cohort, 29% of the mean daily fluid intake was
attributed to medication intake. The mean daily percent
fluid intake from medications alone was no less than 19%
for all age groups with a range of 19 to 39% (►Table 2). The
proportion of patients with a mean fluid intake that ex-
ceeded the definition for polyuria was the largest in the
youngest patients with 84% of patients in the 1-month to 2-
year-old age group having a mean daily fluid intake that was
greater than their threshold for polyuria.

Using the fluid overload percent equation, �10% fluid
overload occurred across all age groups, with the highest
proportion in the 1-month to 2-year-old patients (►Table 2).
In the 28 patients who became �10% fluid overloaded, the
meanpercent dailyfluid intake frommedicationswas 34%. In
contrast, in the patientswhosefluid status did not reach 10%,
the mean percent fluid intake from medications was 23%.
Although the mean percent fluid intake from medications

Table 1 Baseline information of all mechanically ventilated
patients during a 30-day period in a 36-bed academic PICU

Characteristics Median (interquartile
range) or n (%)

Age (y) 8 (2–15)

Male 56 (42)

Height (cm) 118.5 (81.0–152.4)

Weight (kg) 25.4 (12.7–50.0)

BMI (kg/m2) 18.8 (15.3–24.7)

BMI percentilea 85.0 (15.8–95.5)

Baseline serum creatinine
(mg/dL)

0.40 (0.26–0.69)

Reason for admission

Seizures 13 (17.3)

Pneumonia 12 (16)

Trauma 8 (10.6)

Sepsis 9 (12)

Traumatic brain injury 7 (9.3)

ENT procedure 5 (6.7)

Acute abdomen 4 (5.3)

Toxic ingestion 4 (5.3)

Liver failure 3 (4.0)

Status asthmaticus 3 (4.0)

Encephalitis 2 (2.6)

Meningitis 2 (2.6)

Brain mass resection 1 (1.3)

Intussusception 1 (1.3)

Pulmonary edema 1 (1.3)

Abbreviations: BMI, bodymass index; PICU, pediatric intensive care unit.
aIncluding all patients 2 years of age and older.
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was lower in the patients whose fluid status did not reach
10%, this difference was not statistically significant
(p ¼ 0.30). Too much fluid intake and not enough fluid
output contributed significantly to whether or not patients
experienced �10% fluid overload. For example, when com-
paring the <10% fluid overload group to the �10% fluid
overload group in patients 1 month to 2 years of age, both
the daily mean total fluid intake (p < 0.001) and output
(p < 0.001) were significantly lower in the �10% group,
suggesting that less output was contributing to the devel-
opment of fluid overload in this patient group. This also
occurred when comparing the fluid overload status of chil-
dren in the 11- to 14-year-old age group (total fluid intake
[p < 0.001]; total fluid output [p ¼ 0.02]). In contrast, in the
7- to 10-year-old age group, both the mean fluid intake
(p < 0.001) and output (p < 0.001) were significantly
greater in the �10% fluid overload group, suggesting that
more intake (rather than less output) was contributing to
fluid overload in these patients. It was in this age group
(p < 0.001) and the 15- to 18-year-old age group (p ¼ 0.04)
that the mean proportion of fluid intake from medications
was significantly greater in the �10% fluid overload group.

The overall incidence of AKI in the study cohort was 18.7%.
The AKI incidence was the highest in the 11- to 14-year-old
age group (55.6%;►Table 3). The incidence of AKI in patients
whowere �10% fluid overloaded was 17.9% and it was 19.1%

in those who were <10% fluid overloaded. This difference
was not statistically significant (p ¼ 0.89).

Of the 75 patients observed, 47.3% of patients received a
diuretic. Of the 28 patients whowere�10% fluid overloaded,
20 patients (71%) were given a diuretic at some point during
the observationperiod. For sevenpatientswho became�20%
fluid overloaded, five of these patients did not receive a
diuretic during the observation period. Only two patients
who received a diuretic became �20% fluid overloaded.

Table 3 Baseline serum creatinine and AKI incidence by age
group

Age Median baseline
serum creatinine
(interquartile
range)a

AKI incidence (%)

1 mo–2 y 0.20 (0.15–0.32) 20.0

3–6 y 0.26 (0.20–0.28) 16.7

7–10 y 0.42 (0.30–0.44) 0

11–14 y 0.48 (0.29–0.71) 55.6

15–18 y 0.71 (0.39–0.95) 17.3

Abbreviation: AKI, acute kidney injury.
amg/dL.

Table 2 Contribution of fluid intake by medications in all mechanically ventilated patients during a 30-day period in a 36-bed
academic PICU

Age Mean no.
of days
observed
per
patient

Fluid
overload

N Mean total
fluid
intake per
24 ha

Mean total
fluid output
per 24 ha

Mean fluid
intake from
medications
only per
24 ha

Mean daily %
intake from
medications
only

% of patients
with a mean
daily fluid
intake
> polyuria

1 mo–2 y 7.6 25 968 819 184 19 84

�10% 13 880b 685b 190 22 92

<10% 12 1,113b 1,038b 176 16 75

3–6 y 6.2 12 1,587 1,358 461 29 67

�10% 4 1,645 1,355 510 31 100

<10% 8 1,475 1,362 418 28 50

7–10 y 4 6 1,574 1,187 414 26 33

�10% 2 2,167b 1,631b 678b 31 100

<10% 4 1,029b 744b 172b 17 0

11–14 y 10.9 9 2,017 1,843 785 39 33

�10% 4 1,881b 1,711b 769 41 25

<10% 5 2,462b 2,272b 758 31 40

15–18 y 5.9 23 2,609 2,063 735 28 22

�10% 5 2,810 1,734 1,066b 38 20

<10% 18 2,416 2,029 554b 23 22

Abbreviation: PICU, pediatric intensive care unit.
aMilliliters.
bSignificant difference comparing fluid overload status (�10 vs. <10%) within each age group at the 0.05 probability level.
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Discussion

Fluid overload �10% was common among our cohort of
patients, occurring in 37% of mechanically ventilated pa-
tients over a 30-day observation period based on percent
fluid balance. We obtained a similar proportion of fluid
overload (32%) using a weight-based formula, which is con-
sistent with prior investigations that have compared percent
fluid balance to weight-based formulas for calculating fluid
overload.9 There was no significant difference in AKI inci-
dence when comparing patients who became �10% fluid
overloaded to those who did not. Therefore, it does not
appear in our overall study cohort that fluid overload re-
presented a reduced renal function as a result of AKI. Inter-
estingly, the two patient groups (1 month to 2 years and 11–
14 years) who had the highest incidence of AKI (►Table 3)
also had a decreased fluid output which appeared to con-
tribute to the development of fluid overload (►Table 2).

Both too much fluid intake, with medications potentially
playing a role, and inadequate fluid output appeared to
contribute markedly to the fluid overload. The proportion
of fluid intakewithmedicationswas greater in the group that
became �10% fluid overloaded. Given the known negative
consequences of fluid overload shown in previous studies, it
is important to consider potential changes in practice for the
prevention of excess fluid accumulation in critically ill
children. Notably, given the results of this analysis, an
increased attention to the volume of fluids given with
medications is important in the prevention of fluid overload
in critically ill children after the acute phase of illness. The
Food and Drug Administration, through the Safe Use Initia-
tive, has been working in conjunction with pharmacy and
safety organizations including the American Society of
Health-Systems Pharmacists, the Pediatric Pharmacy Asso-
ciation, the Institute for Safe Medication Practices, and the
Association for the Advancement of Medical Instrumenta-
tion to encourage the development of standardized concen-
trations and dosing units for continuous infusions.28 While
the guiding principles of this project include a recommenda-
tion to limit to one standard concentration for infusions
when possible, it is stated that there is an understanding
that two or three concentrations might be necessary espe-
cially when considering fluid status and individual patient
needs. In the ICU, a physician may not perceive the large
proportion of IV fluid intake that is being givenwithmedica-
tions, an important modifiable risk factor in avoiding fluid
overload.

Our youngest patient group (1 month to 2 years) had the
highest proportion of patients with a mean fluid intake who
exceeded their definition of polyuria and also the highest
proportion of patients who became fluid overloaded. This
patient group may represent a particularly vulnerable po-
pulation for the development of fluid overload and would
benefit from the careful attention to fluid intake. In a multi-
center study done by the RRT investigators, it was demon-
strated that IV fluids make up 86% and enteral nutrition
makes up less than 10% of daily fluid intake on day 3 of a
pediatric ICU stay.18 Given that humidification during spon-

taneous respiration accounts for a proportion of daily in-
sensible losses, patients requiring mechanical ventilation
will have less daily insensible losses when compared with
those breathing spontaneously.29 Total fluid intake should
account for all measurable output, including urine, gastro-
intestinal and bleeding losses, as well as an understanding of
a patient’s estimated insensible losses. Formulas, such as the
one given by Holliday–Segar, are not based on the energy
expenditure of critically ill patients.19

There should be close attention to a patient’s nutritional
needs early in the ICU stay, recognizing that typical crystal-
loid fluids do not provide adequate nutrition. Given that
prior investigations have shown an association of adverse
outcomes and inadequate caloric intake, the use of total
parenteral nutrition (TPN) and enteral feeds should be
considered with careful attention not to restrict feeds or
TPN based on a desire to avoid fluid overload.30–32 When
nutritional support is being compromised due to worsening
volume overload, the initiation of diuretic therapy or RRT
should be strongly considered.

Almost half of the ventilated patients in our ICUwere given
diuretics at some point during their intubation course. Not
surprisingly, of the 28 patients who were �10% fluid over-
loaded, 20 (71%) patients were started on diuretics. Interest-
ingly, of these 20 patients, only 2 (10%) became �20% fluid
overloaded. This suggests that the initiation of diuretics may
have prevented the progression of fluid overload in patients
who were already �10% fluid overloaded.33,34 However, im-
portantly, diuretic use in critically ill adults has been shown to
be associated with a lack of renal recovery and an increased
risk of death.35 The decision to initiate diuretic therapy should
not be based solely on positive fluid status, but should be
considered after carefully taking into consideration ways to
limit fluid intake as well as a patient’s renal function.

Given the negative consequences of fluid overload in the
pediatric ICU, it is important that once capillary leak hassealed
off, close attention to fluid administration begins. Given the
relatively large contribution of IV fluids to fluid overload as
evidenced in our ICU and prior studies,18 it is important that
efforts are made to minimize IV fluid administration when
appropriate. Fluid congestion and elevated venous pressures
can result in decreased renal blood flow and glomerular
filtration rate.36 Therefore, continuing to provide increasing
volumes of IV fluids to a patient who is hypotensive, for
example, due to sedative or analgesic medications, can have
detrimental consequences. The consideration of the early
initiation of vasoactive agents, such as a norepinephrine
infusion, has been shown to have significant improvements
in renal perfusion along with mean arterial pressure.37

We acknowledge important limitations in this study. Given
the single-center nature of our study, the findings may be
center specificandnotbegeneralizable toother pediatric ICUs.
We followed up patients for 30 days, discontinuing data
collection in some patients prior to the discontinuation of
mechanical ventilation, potentially missing opportunities for
capturing more fluid overloaded patients. Our relatively small
samplesizemayhave limited thepowerof thestudy todetect a
statistically significant difference inmean percent fluid intake
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from medications in those who were or were not fluid over-
loaded.Nopatients diedduringour study period; however,we
did not specifically investigate outcomes associatedwith fluid
overload, although this has been explored in other investiga-
tions.5–9 We calculated the fluid balance beginning 24 hours
after intubation using the standard formula (including admis-
sion weight) to specifically examine the contribution of fluid
intake from medications after the acute resuscitation period.
Thismay have led to an overestimation of fluid overload, given
that the admissionweight was obtained presumably before or
during the acute resuscitation period. It is also possible that
some patients continued to require resuscitation after this 24-
hour period.

In conclusion, it may be prudent for institutions to develop
a drug library subset containing maximum concentrations
reserved for those patients who are or are likely to become
fluid overloaded and require restriction of fluid intake. Anti-
microbial agents, electrolyte boluses, and other medications
diluted in the minimal amount of fluid that can be adminis-
tered safely should be included. The appropriate use of
protocols for maximally concentrated medications when
able is an important factor in avoiding fluid overload. We
should be devoting the same attention to fluid balance when
patients become hemodynamically stable as we do to fluid
administration during the acute phase of illness. Patients
should not automatically be placed on IV fluids according
toweight-based estimates. As a result of the negative sequelae
of fluid overload, percent fluid overload should be tracked
daily during admission. The volume of fluids given in medica-
tions should be included in the daily assessment of fluid
status, given that this can account for a significant proportion
of fluid intake. Efforts should be made whenever possible to
utilize the maximal concentrations of parenteral medications
in patients receiving daily volumes greater than their polyuria
threshold. Given the high fluid demands of the pediatric ICU,
the initiation of diuretic therapy or RRT should be discussed
frequently as fluid status is followed closely.
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